Background {#Sec1}
==========

To mitigate greenhouse gas emissions and defuse energy crisis, development of sustainable and economic biomass resources for biofuel production has become a major focus and essential for meeting the world's energy demand \[[@CR1]--[@CR3]\]. Implementation of biorefinery processes that utilize lignocellulose from agriculture and forestry as feedstocks is paramount towards achieving the goal \[[@CR4]\]. Challenging this implementation is the complexity of lignocellulosic cell walls, which, existing as a complex matrix of cross-linked biopolymers (cellulose, hemicellulose, and lignin), is difficult to disrupt \[[@CR5], [@CR6]\]. This organized and compact structure exists around the cellulose, which can only be bio-converted into its constituent glucose if sufficient structural disruption around cellulose's surrounding biopolymers takes place \[[@CR7]\]. Disrupting the complex structure of lignocellulosic materials by pretreatment is a necessary step for the biorefinery process. Pretreatment can improve the enzymatic hydrolysis of lignocellulose by reducing the recalcitrance for enzyme, such as hydrolyzing the hemicellulose, relocating the lignin, and changing the cellulose properties \[[@CR8], [@CR9]\].

Many pretreatment methods for lignocellulose have been developed, such as steam explosion, ammonia, alkali, and dilute acid pretreatment. However, these methods are difficult to be commercialized due to high energy requirements, high toxicity, and extreme pretreatment conditions \[[@CR8], [@CR10]\]. A green and promising pretreatment technology, autohydrolysis, exists as a more benign version of dilute acid pretreatment that does not employ addition of reagents beyond water \[[@CR11]\]. Autohydrolysis is thus much less corrosive to process equipment, and its process intensity lowers the extent of enzyme and fermentative inhibitors \[[@CR12]\]. It has been reported that autohydrolysis was also able to remove hemicellulose thus improving cellulose accessibility and digestibility by enzymes \[[@CR13], [@CR14]\]. The active ingredient of autohydrolysis comes in the form of hydronium ions produced when very labile acetyl groups of hemicellulose are cleaved during the pretreatment process. These ions lower the pH of the autohydrolysis medium to pH \~ 3--4, depending on feedstock's degree of acetyl substitution \[[@CR15]\]. Hydronium ions effectively promote hemicellulose depolymerization and solubilization in the form of its constituent monosaccharides and oligosaccharides \[[@CR16]\].

Although the hemicellulose can be gently removed during autohydrolysis, it was found that the presence of inorganic ash in lignocellulose exerts a buffering effect on the autohydrolysis efficiency \[[@CR17]\]. This effect was first noticed when studying autohydrolysis of waste wheat straw (WWS), which consisted of wheat ears, leaves, straw scraps and approximately \~ 30% free ash by weight \[[@CR18]\]. The free ash engages with the hydrolysate as an acid buffer during pretreatment, causing ineffective autohydrolysis \[[@CR19]\]. Eliminating the effects of free ash will be a requirement before agricultural residues like WWS can be utilized in biorefinery processes, mostly because these low-cost feedstocks demand biorefinery processing that is similarly low in cost (i.e., reagent-free autohydrolysis) \[[@CR20]\]. The lignocellulosic ash presented in WWS mostly originated from the soil in which it resided prior to collection \[[@CR18]\]. It can be roughly divided into organic and inorganic solids. The inorganic phase is comprised of insoluble inorganic minerals and surface sites occupied by cations like H^+^, K^+^, Na^+^, Ca^2+^ and Mg^2+^ \[[@CR21]\]. It is the exchange of these alkaline ions that is believed to the cause of acid buffering during autohydrolysis \[[@CR19]\]. In fact, it has been shown that the cations in the ash of corn stover showed the buffering potential during autohydrolysis pretreatment, which can be eliminated by room temperature sulfuric acid washing prior to pretreatment for ensuing effective autohydrolysis \[[@CR22]\]. In addition, the cations adsorbed on the surface of ash in lignocellulose can be exchanged with the invading metal cations based upon the strength of cation exchange capacity to reduce its acid buffering capacity \[[@CR23]\].

It has been shown that employing Fe^3+^ or Al^3+^ in autohydrolysis process can overcome the ash self-buffering effects. This approach enhanced enzymatic digestibility of autohydrolyzed WWS from 49.7 to 66.6% \[[@CR19]\]. The improvement was attributed to the cations in the system that could exchange with the buffering cations on the surface of free ash, resulting in dampening buffering capacity of ash \[[@CR19]\]. However, the unexchanged (free) metal salts added during the pretreatment problematically catalyzed formation of fermentation inhibitors from monosaccharides \[[@CR24], [@CR25]\]. An alternative method called presoaking can also counter the buffering cations of free ash without inducing unwanted catalysis of carbohydrates to inhibitory species and avoiding the corrosive effects noticed when adding the acidic reagents \[[@CR26]\]. Therefore, the aim of this paper was to improve autohydrolysis and subsequent enzymatic digestion of WWS by implementing a benign presoaking stage intended to neutralize the buffering effects of the free ash present within it.

In this work, the WWS was presoaked with different cations (H^+^, K^+^, Na^+^, Ca^2+^, Mg^2+^, Zn^2+^, Fe^2+^) solutions to reduce the buffering effect of ash on autohydrolysis. The presoak solution was prepared with or without different types of cations. The surface charge, acid buffering capacity, and cation exchange capacity of the presoaked WWS were investigated to show the degree of disintegration and degree of reduction of the buffer system. In addition, the accessibility and hydrophobicity of autohydrolysis WWS were determined to estimate the effects of presoaking with cations on the structural properties of WWS.

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

WWS was roughly screened from wheat straw used for pulping, which was kindly provided by Quanlin straw pulp mill in Shandong province, China. The dry matter content of WWS was 86 wt% determined by an Infrared Moisture Balance (FD-720, KETT, Japan). Cellulase (Cellic^®^ CTec2) was purchased from Novozymes North America (Franklinton, NC, USA) with 150 mg protein/mL. K~2~SO~4~, Na~2~SO~4~, CaSO~4~·2H~2~O, MgSO~4~, ZnSO~4~·7H~2~O, and FeSO~4~·7H~2~O were each purchased from Nanjing Chemical Reagent Co., Ltd (Jiangsu province, China). All reagents used in this work were of analytical grade.

Presoaking WWS with different cations {#Sec4}
-------------------------------------

150 g dry weight of WWS was soaked with 4.5 L of 30 mM of different cations solutions (H^+^, K^+^, Na^+^, Ca^2+^, Mg^2+^, Zn^2+^) and different concentrations of Fe^2+^ (10 mM to 120 mM) at room temperature for 24 h. Soaking with water alone was also performed as a control group. After soaking, the slurry was filtered by passing it through a cloth bag while retaining solid WWS. Finally, the physiochemical properties of the presoaked WWS were separately determined and then autohydrolysis was performed. The specific experimental steps are shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1The scheme of autohydrolysis and enzymatic hydrolysis of WWS with presoaking. ^a^ waste wheat straw; ^b^ WWS presoaked with water; ^c^ WWS presoaked with 120 mM Fe^2+^ and the results were showed in red brackets; ^d^ cation exchange capacity; ^e^ acid buffering capacity; ^f^ surface charge

Physicochemical properties of presoaked WWS {#Sec5}
-------------------------------------------

### Surface charge of presoaked WWS {#Sec6}

Surface charge (SC) of presoaked WWS was assessed by measuring zeta potential. Presoaked WWS was crushed with a lapping machine (Traditional Chinese Medicine Grinder, RS-FS1401) and screened over a 200-mesh sieve and next suspended in 50 mL of deionized water (2% w/v) for zeta potential determination. The suspensions were fragmented by a homogenizer at 5000 rpm for 5 min to remove insoluble solids. The supernatant was then separated and scanned for zeta potential using an SZP meter (Mütek SZP 06) \[[@CR27]\]. Three replicates were tested for each sample and the results are presented as an average.

### Cation exchange capacity of presoaked WWS {#Sec7}

The cation exchange capacity (CEC) was determined by the forced exchange method employing BaCl~2~--H~2~SO~4~ \[[@CR28]\]. Specifically, 1 g dry weight of each presoaked sample's ash was suspended in 30 mL of BaCl~2~ solution (0.1 M). Each suspension was then centrifuged at 5000 rpm for 10 min, and the supernatant was discarded. This operation was repeated three times to thoroughly exchange cations on the ash surface. 50 mL of deionized water was finally used to remove remaining Cl^−^. This water washing step was also repeated three times. Next, each solid fraction was suspended in 25 mL H~2~SO~4~ solution (0.1 M) and shaken for 15 min. After that, the mixture was filtered with triple layer filter paper (11 cm slow speed, Fushun, China), and the filtrate was then titrated with 0.1 M NaOH solution to calculate H~2~SO~4~ consumption. The value of CEC was calculated from the amount of H~2~SO~4~ adsorbed by per gram of ash in presoaked WWS.

### Acid buffering capacity of presoaked WWS {#Sec8}

Acid buffering capacity (ABC) was determined using the pH buffering capacity method reported in literature \[[@CR29]\]. Specifically, 10 g dry samples were placed into a polytetrafluoroethylene crucible (50 mL PTFE, JINGYIN, China) and burned in a muffle furnace at 575 °C for 12 h. After incineration, 1 g dry weight of the burned ash obtained was accurately massed and then suspended in 50 mL deionized water. The suspension was titrated with 0.1 M H~2~SO~4~ solution at a flow rate of 0.05 mL/min using a multi-water quality meter (MM-60R, TOADKK, Tokyo, Japan), and the terminal pH value was set at 3.0. The ABC of presoaked WWS was calculated from the consumption of H~2~SO~4~ during the pH reduction from 6 to 3 \[[@CR18]\].

### Autohydrolysis of presoaked and raw WWS {#Sec9}

Prior to autohydrolysis, the pH of presoaked WWS was adjusted to 6.5 ± 0.2 as same as the pH of the raw WWS using concentrated NaOH solution. The presoaked WWS was next subjected to autohydrolysis in sealed vessels heated by an electrically heated oil bath (HH-SJ6CD, YOULIAN, China) and tumbling agitation. Various parameters of the pretreatment were controlled with a modular controller. Specifically, 50 g of presoaked WWS was added into 1.25-L container to achieve a final solid-to-liquid ratio of 1:10 (w/v). For pretreatment, the reactor temperature was raised from 60 to 180 °C at a heating rate of 2 °C/min over autohydrolysis time ranging from 0 to 40 min \[[@CR30]\]. At the conclusion of autohydrolysis, the container was immediately cooled using water. Autohydrolyzed residues were separated from the liquid hydrolysate with the cloth bags used in presoaking, and then the collected residues were washed to neutral using deionized water and finally stored in sealed plastic bags kept at 4 °C. The composition of the separated liquid prehydrolysate was analyzed to evaluate the pretreatment efficiency.

Chemical composition analysis of autohydrolyzed substrates {#Sec10}
----------------------------------------------------------

The chemical composition of WWS was analyzed using the National Renewable Energy Laboratory (NREL) standard method \[[@CR31]\]. All prehydrolysate and enzyme hydrolysate samples were diluted with deionized water and filtered through a 0.22 μm filter. The xylooligosaccharides (XOS) of prehydrolysate were hydrolyzed into xylose by 4 wt% H~2~SO~4~ at 121 °C for 1 h, and its concentration was calculated by the change of the xylose concentration before and after the acid hydrolysis. The monosaccharides and inhibitors present in each solution were analyzed by a HPLC system (Agilent 1260 series, Agilent Technologies, USA) with a Coregel-87H column and the temperature was held at 55 °C. 0.05 M H~2~SO~4~ was used as mobile phase at a flow rate of 0.6 mL/min and the quantification was analyzed based on a refractive index detector. The ash content of WWS was also determined using the National Renewable Energy Laboratory (NREL) standard method \[[@CR31]\]. 10 g dry weight samples were placed into a polytetrafluoroethylene crucible and burned in a muffle furnace at 575 °C for 4 h. The burning residue was considered to be the ash of the material. Each experiment was run in duplicate.

Recovery yields of carbohydrates and degree of delignification were calculated according to the following equations:$$\documentclass[12pt]{minimal}
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Structural property of autohydrolyzed WWS {#Sec11}
-----------------------------------------

### Cellulose accessibility {#Sec12}

The Direct Red 28 dye adsorption assay for determining the accessibility of cellulose to cellulases was performed as described in literature \[[@CR32]\]. 1% of autohydrolyzed WWS was suspended in glass bottles containing 20 mL of distilled water. Next, a series of solutions containing increasing amounts of Direct Red 28 dye was added (0, 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 g/L). Each bottle was incubated for 24 h in a rotary shaker (Vortex-2, Shanghai, China) at 60 °C and 150 rpm. After that, the samples were centrifuged at 3000 rpm for 5 min. The supernatant absorbance of the sample and a standard solution was determined by ultraviolet--visible spectrophotometry at 498 nm. The amount of dye adsorption was calculated according to the absorbance reading, and a Langmuir adsorption isotherm was constructed to describe the behavior of direct adsorption on the tested substrates. The formula is as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A = \frac{{A_{\hbox{max} } KC}}{1 + KC}$$\end{document}$$where *A* is the corresponding adsorbed dye (mg/g), *C* is the free dye in supernatant (g/L), *A*~max~ is the maximum adsorption capacity, and *K* is the Langmuir constant.

### Hydrophobicity {#Sec13}

The hydrophobicity of the autohydrolyzed residues was estimated using the Rose Bengal reagent dyeing method \[[@CR33]\]. Specifically, different concentrations of each sample (0.04, 0.08, 0.12, 0.16, 0.2 g/L) were added into 50-mL screw-capped glass bottles followed by addition of 20 mL of Rose Bengal solution (40 mg/L) in citrate buffer (50 mM, pH 4.8). The bottles were incubated at a constant temperature of 50 °C with 150 rpm agitation in a rotary shaker. After 2 h, the suspensions were centrifuged at 5000 rpm for 5 min. Residual dye in the supernatant was detected at 543 nm using a UV--visible spectrophotometer. The amount of the dye absorbed by substrate was obtained by subtracting the amount of residual dye detected in the supernatant from the initial amount of dye added. The ratio of the amount of adsorbed dye to the amount of free dye remaining was also linearly fitted to the concentration of the added material to obtain a slope that describes each substrate's hydrophobicity.

Enzymatic hydrolysis of autohydrolyzed WWS {#Sec14}
------------------------------------------

The autohydrolyzed WWS was enzymatically hydrolyzed using CTec2 at a substrate concentration of 5% (w/v) in 150 mL bottles. The pH of the hydrolysis reaction slurry was maintained at 4.8 using a 0.05 M citrate buffer, and the amount of cellulase added was 15 mg protein/g glucan. The reaction slurry was then shaken at 150 rpm in a constant temperature oscillator at 50 °C with liquid sampling at 2, 4, 6, 12, 24, 48, and 72 h. 0.2 mL of samples collected at different time intervals was centrifuged at 10,000 rpm for 5 min to obtain the supernatant which was analyzed by HPLC. Hydrolysis yields were calculated based on the released glucose as a percentage of the theoretical glucose available in the substrates. The corresponding formula is as follows:$$\documentclass[12pt]{minimal}
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Results and discussion {#Sec15}
======================

Physicochemical properties of presoaked WWS {#Sec16}
-------------------------------------------

The cation exchange capacity and acid buffering capacity are two crucial properties of soil ash \[[@CR34]\]. The ABC of ash is defined as its resistance to changes in pH when acid was added (mmol/pH-kg), which contributed to the low efficiency of WWS autohydrolysis \[[@CR18]\]. It has been reported that the CEC has a positive correlation to the given sample's ABC \[[@CR29]\]. Cation exchange is a reversible reaction in ash solution, dependent upon negative charges of ash components arising from charged or pH-dependent sites on the mineral and organic colloidal particles surfaces \[[@CR34]\]. Invading cations can be absorbed by the ash dependent upon electrostatic force to exchange the dissociable cations that existed on the surface of ash \[[@CR35]\]. Thus, the SC, CEC, and ABC of the presoaked WWS were determined to evaluate the modification of WWS by presoaking.

As shown in Table [1](#Tab1){ref-type="table"}, the SC of the presoaked WWS weakened from the original − 25.9 mV to varying extents due to the presoaking using different types of cations. The effect of Fe^2+^ was the most prominent on reducing the SC to − 11.1 mV. When the Fe^2+^ concentration increased from 10 to 120 mM, the SC of WWS decreased from − 24.4 to − 4.66 mV. As expected, the negative surface potential of ash was bombarded by the introduction of positive valence cations according to electrostatic force, causing the SC to be gradually neutralized as the amount of cations added increased \[[@CR36]\]. In Table [1](#Tab1){ref-type="table"}, it also can be seen that the CEC value of the raw WWS could be reduced from 140.2 to 80.8--133.7 cmol/kg when it was presoaked with different cations. The Fe^2+^ applied in this work stood out amongst all cations, which reduced the CEC into 80.8 cmol/kg. The reason for these results maybe that the external cations adsorbed by electrostatic force changed the distribution of cations in the ash of WWS during presoaking which can result in a greater extent of reduction the CEC of ash in WWS. In addition, Table [1](#Tab1){ref-type="table"} showed that the ABC of raw WWS was 226.3 mmol/pH-kg, and the value decreased after soaking with 30 mM H^+^, K^+^, Na^+^, Ca^2+^, Mg^2+^, Zn^2+^ and Fe^2+^. When the concentration of Fe^2+^ increased from 10 to 120 mM, the ABC of WWS significantly decreased from 194.7 mmol/pH-kg to 79.3 mmol/pH-kg. It can be inferred that the addition of cations changed the CEC of ash in the WWS by electrostatic adsorption, which can effectively reduce the ABC of WWS' ash \[[@CR37]\].Table 1The content of ash, surface charge, acid buffering capacity, and cation exchange capacity of the presoaked and raw WWSSampleSoaking reagentConcentration (mmol/L)Ash (%)SC^a^ (mv)CEC^b^ (cmol/kg)ABC^c^ (mmol/pH-kg)Raw WWSNo soaking--30.5 ± 0.8− 25.9 ± 1.1140.2 ± 1.8226.3 ± 1.2H~2~O--25.2 ± 1.5− 24.1 ± 1.3133.7 ± 2.5201.4 ± 3.7H^+^3026.8 ± 1.1− 22.2 ± 0.3116.3 ± 1.8146.7 ± 3.2K^+^3024.9 ± 1.3− 23.5 ± 0.5122.6 ± 2.5168.9 ± 3.5Na^+^3027.5 ± 0.7− 24.7 ± 0.2118.9 ± 1.4150.7 ± 2.6Ca^2+^3023.3 ± 0.5− 16.3 ± 0.4135.6 ± 4.6179.9 ± 2.1Mg^2+^3024.8 ± 1.2− 18.5 ± 1.3109.2 ± 0.9147.3 ± 4.1Zn^2+^3026.3 ± 0.4− 17.6 ± 2.196.5 ± 1.3140.6 ± 1.5Fe^2+^3025.7 ± 0.2− 10.5 ± 0.380.8 ± 1.194.3 ± 2.2Fe^2+^1023.1 ± 0.1− 14.7 ± 0.597.4 ± 2.8133.9 ± 1.62026.3 ± 0.3− 13.2 ± 0.190.5 ± 3.2119.3 ± 2.33025.8 ± 0.7− 11.1 ± 0.081.6 ± 1.495.6 ± 1.96024.5 ± 1.1− 10.8 ± 0.874.3 ± 4.289.5 ± 2.612024.3 ± 0.3− 4.7 ± 0.272.4 ± 1.779.3 ± 1.0^a^Surface charge^b^Cation exchange capacity^c^Acid buffering capacity

Briefly, the powerful electrostatic force is present on the surface of ash due to the negative charge generated by the isomorphic substitution within layered silicate minerals \[[@CR36]\]. Compared with other cations of H^+^, K^+^, Na^+^, Ca^2+^ and Mg^2+^, Fe^2+^ had a greater impact on the negative charges of the ash in WWS due to its specific D orbital alignments and higher valence \[[@CR38]\]. According to the selectivity of soil to ions, Fe is also the main inorganic electron acceptor in soil and obviously the best choice to exchange cations on the surface of soil \[[@CR39]\]. This electrostatic absorption caused the occurrence of cation exchange reaction on the surface of ash in WWS. Consequently, the introduction of Fe^2+^ caused the ABC of ash in WWS to suffer a severe reduction, and as the amount of Fe^2+^ added increased, the ABC decreased more severely.

Autohydrolysis of presoaked and raw WWS {#Sec17}
---------------------------------------

### The pH and composition of the prehydrolysate {#Sec18}

During autohydrolysis, the pH of the liquid prehydrolysate generated is a significant parameter. It is related to the solubility of the hemicellulose and indirectly reflects the buffering capacity of ash in WWS \[[@CR40]\]. Previous studies have shown that the pH of WWS autohydrolysate after thorough washing of biomass before pretreatment was \~ 4.34 \[[@CR18]\]. However, due to the acid buffering capacity of ash in raw WWS, the acidity of prehydrolysate could be reduced, which has lowered the efficiency of autohydrolysis \[[@CR19]\]. As shown in Table [2](#Tab2){ref-type="table"}, the pH of prehydrolysate for raw WWS was 5.7. However, the pH of prehydrolysate observably decreased for the WWS that was presoaked with different cations, and the WWS presoaked with Fe^2+^ reached the lowest value (4.0) at the same concentration. It is known that cleavage of hemicellulose acetyl groups is the main drive for lowering pH of the prehydrolysate \[[@CR20]\]. Hence, the content of acetyl groups in each sample was determined and shown in the Table [3](#Tab3){ref-type="table"}. It can be seen that the acetyl content of WWS decreased when it was presoaked with Fe^2+^. It is demonstrated that the acid buffering capacity of WWS can be overcome by implementing the cationic presoaking, and successfully forming a weakly acidic medium. The low pH obtained may imply an improvement in the efficiency of autohydrolysis.Table 2The pH and composition of presoaked and raw WWS prehydrolysateSampleSoaking reagentConcentration (mmol/L)pHCarbohydrates (g/L)Fermentation inhibitors (g/L)GlucoseXyloseXOSFormic acidAcetic acidFurfuralHMFRaw WWSNo soaking--5.7 ± 0.10.0 ± 0.00.7 ± 0.12.9 ± 0.10.2 ± 0.00.7 ± 0.10.0 ± 0.00.0 ± 0.0H~2~O--5.0 ± 0.30.0 ± 0.00.3 ± 0.23.0 ± 0.10.2 ± 0.00.7 ± 0.10.0 ± 0.00.0 ± 0.0H^+^304.9 ± 0.10.1 ± 0.10.3 ± 0.33.3 ± 0.30.2 ± 0.10.7 ± 0.00.1 ± 0.10.0 ± 0.1K^+^305.1 ± 0.00.0 ± 0.00.2 ± 0.13.2 ± 0.20.1 ± 0.00.7 ± 0.00.0 ± 0.00.0 ± 0.0Na^+^304.8 ± 0.00.1 ± 0.00.4 ± 0.02.9 ± 0.30.0 ± 0.00.7 ± 0.10.0 ± 0.00.0 ± 0.0Ca^2+^304.6 ± 0.10.2 ± 0.00.5 ± 0.23.1 ± 0.20.2 ± 0.10.8 ± 0.00.3 ± 0.10.0 ± 0.0Mg^2+^304.4 ± 0.00.2 ± 0.10.7 ± 0.03.1 ± 0.10.3 ± 0.20.8 ± 0.10.3 ± 0.20.0 ± 0.0Zn^2+^304.1 ± 0.00.3 ± 0.01.3 ± 0.04.0 ± 0.10.5 ± 0.01.1 ± 0.01.1 ± 0.10.1 ± 0.0Fe^2+^304.0 ± 0.00.3 ± 0.20.9 ± 0.14.9 ± 0.30.9 ± 0.01.5 ± 0.01.1 ± 0.10.1 ± 0.0Fe^2+^104.0 ± 0.00.1 ± 0.11.1 ± 0.34.3 ± 0.40.8 ± 0.11.3 ± 0.11.0 ± 0.00.1 ± 0.0204.0 ± 0.20.1 ± 0.01.0 ± 0.14.6 ± 0.10.9 ± 0.01.3 ± 0.21.0 ± 0.10.2 ± 0.1304.0 ± 0.10.3 ± 0.10.8 ± 0.05.1 ± 0.30.9 ± 0.01.5 ± 0.01.2 ± 0.00.2 ± 0.0603.9 ± 0.00.8 ± 0.20.7 ± 0.15.6 ± 0.20.9 ± 0.11.6 ± 0.01.2 ± 0.00.2 ± 0.01203.8 ± 0.11.0 ± 0.00.7 ± 0.26.2 ± 0.21.1 ± 0.11.8 ± 0.01.3 ± 0.10.3 ± 0.1 Table 3Effects of presoaked WWS and raw WWS on autohydrolysisSampleSoaking reagentConcentration (mmol/L)Composition (%)Recovery (%)Removal (%)GlucanXylanLigninAcetylSolidGlucanXylanLigninRaw WWSNo soaking--43.7 ± 0.28.4 ± 0.624.5 ± 0.10.7 ± 0.160.9 ± 0.494.3 ± 0.561.7 ± 0.216.5 ± 0.2H~2~O--48.9 ± 0.37.6 ± 0.124.4 ± 0.20.4 ± 0.059.4 ± 0.396.7 ± 1.766.8 ± 0.219.8 ± 0.3H^+^3048.2 ± 0.57.6 ± 0.224.2 ± 0.40.3 ± 0.156.1 ± 0.695.8 ± 1.469.3 ± 0.621.6 ± 0.3K^+^3046.7 ± 0.37.3 ± 0.524.0 ± 0.20.4 ± 0.157.2 ± 1.194.7 ± 0.668.5 ± 0.520.1 ± 0.5Na^+^3049.1 ± 0.48.9 ± 0.224.3 ± 0.60.4 ± 0.256.8 ± 0.598.7 ± 1.162.2 ± 0.322.7 ± 0.2Ca^2+^3048.1 ± 0.27.8 ± 0.622.5 ± 0.10.4 ± 0.057.4 ± 0.897.7 ± 1.466.6 ± 0.321.6 ± 0.1Mg^2+^3046.5 ± 0.37.1 ± 0.725.5 ± 0.20.3 ± 0.158.3 ± 0.396.2 ± 0.769.1 ± 0.123.4 ± 0.4Zn^2+^3050.5 ± 0.35.4 ± 0.526.5 ± 0.10.2 ± 0.150.3 ± 0.990.1 ± 1.379.7 ± 0.225.3 ± 0.6Fe^2+^3053.4 ± 0.64.8 ± 0.327.1 ± 0.30.2 ± 0.049.4 ± 0.494.2 ± 0.481.9 ± 0.427.6 ± 0.3Fe^2+^1054.7 ± 0.74.3 ± 0.125.4 ± 0.20.3 ± 0.049.4 ± 0.693.2 ± 0.880.2 ± 0.524.9 ± 0.12053.7 ± 0.24.4 ± 0.526.5 ± 0.30.2 ± 0.150.9 ± 0.496.8 ± 1.181.5 ± 0.226.3 ± 0.43053.6 ± 0.14.9 ± 0.527.2 ± 0.10.2 ± 0.149.7 ± 0.794.9 ± 0.982.7 ± 0.427.4 ± 0.56054.1 ± 0.54.7 ± 0.226.4 ± 0.60.1 ± 0.247.4 ± 0.493.9 ± 1.583.1 ± 0.829.8 ± 0.312054.0 ± 0.44.6 ± 0.427.1 ± 0.40.0 ± 0.045.9 ± 0.387.8 ± 2.284.7 ± 0.730.2 ± 0.3

The concentration of each prehydrolysate was measured and is shown in Table [2](#Tab2){ref-type="table"}. It was found that the concentration of xylose and xylooligosaccharides in the prehydrolysate of the raw WWS was 0.7 g/L and 2.9 g/L, respectively. When the WWS was presoaked with the same concentration of H^+^, K^+^, Na^+^, Ca^2+^, Mg^2+^ Zn^2+^, Fe^2+^, the concentration of the xylose was 0.3 g/L, 0.2 g/L, 0.4 g/L, 0.5 g/L, 0.7 g/L, 1.3 g/L, 0.9 g/L and the concentration of the XOS was 3.3 g/L, 3.2 g/L, 2.9 g/L, 3.1 g/L, 3.1 g/L, 4.0 g/L, 4.9 g/L, respectively. Both xylose and XOS were derived from the depolymerization of xylan in hemicellulose during autohydrolysis \[[@CR11], [@CR41]\]. The presoaking with different cations has reduced the acid buffering capacity of WWS, and thus lowered the pH of the prehydrolysate, which may be the key factor for the production of more xylose and XOS. In addition, the concentration of the fermentation inhibitors was also higher than that in raw WWS prehydrolysate. For instance, when the WWS was presoaked with same concentration of Zn^2+^ and Fe^2+^, the formation of inhibitors was increased compared to that of WWS prehydrolysate without soaking. This may be due to lower acidity of the prehydrolysate in autohydrolysis facilitating the depolymerization reaction of carbohydrates \[[@CR19]\]. It has also been reported that Zn^2+^ and Fe^2+^ possessed unique characteristics in catalytic transformations, which can selectively catalyze the depolymerization of carbohydrates into oligosaccharide or dehydration of monosaccharide into fermentation inhibitors \[[@CR42], [@CR43]\]. It can be inferred that the buffering capacity of the ash from WWS was decreased, which improved the acidity of the autohydrolysate, allowing for xylan to depolymerize into xylose or XOS during autohydrolysis. However, the increasing acid mediums can force the xylose to further cyclodehydrate into fermentation inhibitors at high temperature (180 °C), such as furfural and formic acid.

### Chemical composition, glucan recovery, xylan and lignin removal from autohydrolyzed WWS {#Sec19}

The chemical composition of the autohydrolyzed WWS was determined by NREL standard method. As shown in Table [3](#Tab3){ref-type="table"}, xylan removal of WWS without presoaking was only 61.7%, this value was decidedly lower than that of presoaked WWS. The xylan removal was 66.8%, 69.3%, 68.5%, 62.2%, 66.6%, 69.1% and 79.7% after the WWS was presoaked with H~2~O, 30 mM of H^+^, K^+^, Na^+^ Ca^2+^, Mg^2+^ and Zn^2+^ solutions, respectively. When the WWS was presoaked with increased concentration of Fe^2+^ from 10 to 120 mM, the xylan removal was raised from 71.6 to 83.7%. Compared with other cations, Fe^2+^ has a better effect on xylan removal for WWS. The reason for this results may be the acidity of prehydrolysate was improved by breaking the acid buffering capacity of ash, which was attributed to the addition of Fe^2+^. The improved acidity of the acid medium resulted more hydronium ions in the prehydrolysate for the better xylan removal \[[@CR19]\].

Table [3](#Tab3){ref-type="table"} also displayed that the removal of lignin increased from 16.5% of raw WWS after presoaking. Specifically, delignification of 120 mM Fe^2+^ presoaked WWS was nearly twofold higher than that of the raw WWS (30.2%). During autohydrolysis, lignin undergoes an unknown extent of simultaneous depolymerization and repolymerization reactions upon heating \[[@CR11], [@CR41]\]. Addition of Fe^2+^ from 10 to 120 mM caused lignin removal to increase from 24.9 to 30.2%. This is likely due to iron's ability to negate the acid buffering of the ash in the pretreatment medium. The acidity enhanced by eliminating the buffering effect could be facilitating additional decomposition of β-*O*-4 bonds in lignin, enhancing the degree of delignification \[[@CR44], [@CR45]\]. Moreover, Fe^2+^ exchanged on ash surface is easily complexed with depolymerized lignin during autohydrolysis, which has also facilitated delignification \[[@CR19]\]. It could provide a morphological benefit to further enzymatic hydrolysis in the form of collapse of fiber pores by delignification.

Enzymatic hydrolysis of autohydrolyzed WWS {#Sec20}
------------------------------------------

The enzymatic hydrolysis of autohydrolyzed WWS was carried out to evaluate the effect of presoaking with different cations on the autohydrolysis of WWS, the glucan conversion was represented by enzymatic digestibility. Figure [2](#Fig2){ref-type="fig"}a displays the enzymatic digestibility and glucose release of raw WWS and that which was presoaked with different cations. The enzymatic digestibility of autohydrolyzed WWS without presoaking was just 48.9%. However, this value increased to different extents by presoaking, specifically increased to 54.04% (H~2~O), 56.1% (H^+^), 55.3% (Na^+^), 56.5% (K^+^), 63.6% (Ca^2+^), 64.5% (Mg^2+^) and 82.5% (Fe^2+^) after 72 h of enzymatic hydrolysis. When the concentration of Fe^2+^ increased to 120 mM, the enzymatic digestibility reached 86.3%, which can be seen in Fig. [2](#Fig2){ref-type="fig"}b. These results demonstrated that enzymatic digestibility of autohydrolyzed WWS can indeed be improved by implementing presoaking with cations. It has been reported that lignin and hemicellulose are major obstacles to enzymatic hydrolysis, therefore improving their removal and general structural disruption logically contributed to enhancing enzymatic kinetics \[[@CR46], [@CR47]\]. For example, the WWS after presoaking with 120 mM Fe^2+^ had xylan removal of 83.7% and lignin removal of 30.2% during the autohydrolysis, while the original WWS was only 68.1% and 16.5%. As shown in Fig. [2](#Fig2){ref-type="fig"}c, the removal of xylan and lignin is positively correlated with the enzymatic digestibility. Presoaking appeared to have induced a change in ABC of ash in WWS, and the removal of xylan and lignin was thus improved. As shown in Fig. [2](#Fig2){ref-type="fig"}d, the decrease in ABC was indirectly contributed to improving the enzymatic digestibility, which presented a negative correlation (*R*^2^ = 0.98) between the ABC of presoaked WWS and enzymatic digestibility.Fig. 2Effect of different cations (**a**) and different concentrations of Fe^2+^ (**b**) soaking on the digestibility and released glucose of the autohydrolyzed WWS in enzymatic hydrolysis, and the respective relationship between xylan/lignin (**c**) and acid buffering capacity (**d**) with digestibility of autohydrolyzed WWS after different concentrations of Fe^2+^ presoaking

Structural property changes around presoaking and autohydrolysis of WWS {#Sec21}
-----------------------------------------------------------------------

### Cellulase accessibility {#Sec22}

The accessibility of cellulose to cellulase has always been one of the major limitations to enzymatic hydrolysis \[[@CR48]\]. To investigate why presoaking with Fe^2+^ increased the enzymatic hydrolysis of autohydrolyzed WWS, the Direct Rad 28 dye adsorption method was used to estimate the accessibility of cellulase to cellulose in the presoaked WWS. The results of the adsorption assay revealed that the accessibility of cellulose significantly increased after WWS was presoaked with Fe^2+^, which can be seen in Fig. [3](#Fig3){ref-type="fig"}a. For example, the accessibility of the presoaked WWS increased from 212.7 mg/g (mg dry/g substrate) to 909.1 mg/g when the concentration of Fe^2+^ increased from 10 to 120 mM. For comparison, accessibility of raw WWS pretreatment residue was only 144.9 mg/g. This observation suggests that Fe^2+^ enhances the efficiency of pretreatment by decreasing the ABC of WWS, which enhanced the lignin/xylan removal and directly affected the tight structure of the WWS cell walls thus enhancing the accessibility of cellulose \[[@CR32]\]. It was also found that the correlation between enzymatic digestibility and the accessibilities of the autohydrolyzed WWS was linear (*R*^2^ = 0.99), explaining that presoaking contributed to increasing accessibility.Fig. 3Effect of different concentrations of Fe^2+^ presoaking on the accessibility or hydrophobicity of autohydrolyzed WWS (**a**), and the respective relationship between accessibility or hydrophobicity with digestibility of autohydrolyzed WWS during enzymatic hydrolysis (**b**)

### Hydrophobicity {#Sec23}

A previous discussion about the hydrophobicity of lignin in autohydrolyzed residues inhibiting enzymes through non-productive binding has been reported \[[@CR49]\]. One method for evaluating substrate hydrophobicity is the Rose Bengal partitioning method \[[@CR50]\]. In this work, the hydrophobicity of all autohydrolyzed WWS was thus determined using Rose Bengal dye to evaluate the relationship between hydrophobicity and enzymatic digestibility. As shown in Fig. [3](#Fig3){ref-type="fig"}a, when Fe^2+^ concentration increased from 10 to 120 mM, the hydrophobicity of the autohydrolyzed WWS decreased from 3.7 to 1.7 L/g. It has been reported that lignin was a hydrophobic polymer that can non-specifically adsorb cellulases, resulting in less free enzymes for cellulose degrading during enzymatic hydrolysis \[[@CR51]\]. The depolymerization of lignin in WWS autohydrolysis was intensified due to the increase in Fe^2+^ concentration of presoaking, which decreased the surface hydrophobicity of WWS. Therefore, it was helpful towards enhancing the binding tendency between cellulase and autohydrolyzed residues and promoting enzymatic hydrolysis efficiency. As shown in Fig. [3](#Fig3){ref-type="fig"}b, the hydrophobicity of the autohydrolyzed WWS was relatively negative correlated (*R*^2^ = 0.99) with enzymatic digestibility. The highest enzymatic hydrolysis efficiency achieved is from the material with the lowest measured surface hydrophobicity. This result also demonstrated that hydrophobicity is a critical factor towards enzymatic hydrolysis.

Conclusions {#Sec24}
===========

The ash in WWS was found to be detrimental to autohydrolysis because of its acid buffering capacity. Presoaking with cations was shown to eliminate this negative effect for WWS prior to autohydrolysis, and Fe^2+^ is the most effective cation due to its particular valence/orbit to exchange with the other cations on the surface of the ash, which caused the reduction in acid buffering capacity. The results show that the WWS can be made digestible by cellulases if effort is made to eliminate the ABC of ash in raw WWS, opening the door for this material to be converted into a valuable biochemical.

WWS

:   Waste wheat straw

SC

:   Surface charge

CEC

:   Cations exchange capacity

ABC

:   Acid buffering capacity

NREL

:   National Renewable Energy Laboratory

XOS

:   Xylo-oligosaccharides

HPLC

:   High-performance liquid chromatography

HMF

:   Hydroxymethylfurfural
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